NPS ARCHIVE 
1967 

KIN EKE, J. 




THERML CONDUCTIVITY OF 
LIQUID METALS 
by 

Jubri I. Kineke 



Thes i s 
K425 




Abstract of 



THERMAL CONDUCTIVITY OF LIQUID METALS 
by John Ives Kineke, M.Sc., Brown University, June 1967 



An apparatus is designed and built to measure the thermal conductivity 

of various liquid metals at temperatures up to UOO^C. The method of 

longitudinal heat flow with guard ring compensation is used. Measurements 

on liquid tin at 298^0 indicate its thermal conductivity to be 

2 o 

0.0802 cal/sec/cm/cm / C (cgs units) which agrees with previous experiments. 
The experimental error in the present work is just over 2 %. A review of 
significant previous work is also given. 
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I. INTRODUCTION 

An investigation of the currently available literature concerning the 
measurement of thermal conductivity of metals in the liquid state yields a 
relatively small amount of information. Measurements of this type have been 
made by various investigators dating back to 1917 » but a comparison of the 
several data does not show good agreement in many cases. The situation was 

appropriately stated by Cusak^ in 1962: ** the literature not infrequently 

stresses the importance of thermal conductivity and goes on to deplore the 
scarcity of reliable values. This still seems to be the position." 

The purpose of the present work was to design and build an apparatus 

for experimental determination of the thermal conductivity of any liquid 

metal at temperatures not exceeding UOO^C. As will be seen later, the design 

2 

is closely modeled after that used by Ewing because of the high accuracy of 
his results. The device has been used to measure the thermal conductivity 
of liquid tin at several temperatures , and the results show fairly good 
agreement with some previous experiments. 

Thermal conductivity measurements have an important application in the 
study of acoustical absorption in liquid metals. The classical Stokes- 
Kirchhoff theory of acoustical absorption indicates that the absorption of 
sound is due to losses of energy conducted away in the form of heat and the 
frictional losses of viscous flow. More recent studies have shown that a 
relaxation process also contributes to this energy loss. In order to deter- 
mine the energy loss due to the relaxation, the classical absorption is 
subtracted from the experimentally measured values. In order to determine 
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the classical value accurately, precise values of thermal conductivity must 
be known for the metal or alloy under study. 

II. BACKGROUND 

Experiments to measure thermal conductivity fall into two general 
categories : The Forbes Bar method and the method of longitudinal heat flow 

with guard tube compensation. In the former, a thermal gradient is set up 
vertically in a well insulated liquid sample by means of a heater at the 
upper end of the sample. The total radial heat loss by the sample is then 
calculated, assuming the thermal conductivity of the insulation to be known. 

The sample heater input power is then corrected by this amount. Temperature 
gradients in the sample are usually measured by suitably calibrated thermo- 
couples; the cross-sectional area of the sample is, of course, known. The 
thermal conductivity is then calculated using the expression: 

S = (1) 

where Q is the heat input to the sample in calories per second, A the area of 

dT 

the sample in square centimeters, — the thermal gradient in degrees centigrade 
per centimeter and K the thermal conductivity in calories per second per 
centimeter per square centimeter per (hereafter called cgs units). In the 
longitudinal heat flow method, a constant heat flow- is set up in a vertical 
column containing the sample by a heater at the top of the column. The column 
is surrounded by a metal cylinder or guard tube in which a similiar heat flow 
is established. If the temperatures and the temperature gradient in the 
guard tube are equal to that in the seunple column, then there is no radial 
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heat loss. The heat input to the sample column is measured and the gradient 
again determined hy thermocouples. Thus the area is known, the thermal 
conductivity can he computed hy using Eq. (l). Note that in hoth methods heat 
is introduced into the liquid sample at the top and flows from top to bottom. 
This arrangement is necessary to prevent heat transfer through the liquid hy 
convection. For good results, it is necessary that a steady-state condition 
of heat flow he established in hoth methods, which usually requires a great 
deal of time for the measurements. 

The first significant work on thermal conductivity of liquid metals was 

3 

contributed in 1917 by Northrup and Pratt. Their experiment, although 

actually designed to test the Wiedemann-Franz ratio through a change of state, 

* 

did furnish values for thermal conductivity of liquid tin and bismuth. The 
method consisted of comparing the temperature gradient between two points in 
a column of the metal being tested with the gradient in a coajcially mounted 
steel cylinder. Heat is uniformly supplied to the sample by an electrically 
heated copper bar and the opposite end of the steel rod is immersed in boiling 
water. The temperature gradients are measured by thermocouples imbedded in 
both seanple and steel. The results obtained from this device are a ratio of 
the thermal conductivity of the liquid metal sample to that of the steel. In 
the measurements it is assumed that the radial heat loss is the same from the 
sample and steel. The results for tin shown on Fig. 12 are computed by 
assuming a value of thermal conductivity of the steel. 

In 1920, Konno made a large number of thermal conductivity measurements 
on tin, lead, bismuth, zinc, aluminum and antimony in the solid and liquid 
states. Konno’ s apparatus was similar to that of Northinp, using cylinders 

* The results of the experiments discussed are all shown in Fig. 12 for 
liquid tin. 
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of steel mounted coaxially above and below the liquid sample. The radial heat 
loss was calculated and temperature gradients measured by iron-nickel and 
platinum- rhodium thermocouples. Konno’s measurements were made at temper- 
atures up to 800 °C which are the highest fo\md. The results of this compre- 
hensive study showed that for all metals tested the thennal conductivity drops 
abruptly on melting, and then decreases slightly with increasing temperature. 

In 1923, Brown^ measured the thennal conductivity of solid and liquid 
tin, cadmium, thallium and tin, lead, zinc and bismuth alloys. His apparatus 
was of the longitudinal heat flow type and consisted of a slate tube of the 
material \mder test mounted vertically in the center of a hollow cylinder or 
guard ring of brass. The tops of the sample column and outer cylinder were 
heated by electric heating coils, and similar thermal gradients are set up 
in each. Since the temperature at any given height in the apparatus is con- 
stant, radial heat loss from the sample column is eliminated^ and the 
conductivity can be computed from the standard conduction equation if the heat 
input, area and temperature gradient of the sample are measured. In Brown’s 
experiment, since a slate tube was used as the holder of the liquid metal 
sample, the quantity of heat conducted through the slate was calculated and 
subtracted from the total heat supplied by the specimen heater. Brown’s 
results, shown on Fig. 12 , agree fairly well with Konnos, but are somewhat 
higher than those shown for Northrup and Pratt. This is attributed to the 
fact that Northrup’ s apparatus provided no compensation for radial heat loss 
resulting in an inherent error in his measurements. 

In 1938, Hall^ measured thermal conductivities of liquid mercury, sodium 
and sodium amalgams. His apparatus, like Brown’s, had the liquid metal sample 
contained in a central vertical column surrounded by two metal cylinders. 
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which acted as a guard ring. The temperature of these cylinders was measured 
by two resistance thermometers, and the ratio of their resistances was kept 
constant and equal to its equilibrium value at room temperature. This arrange- 
ment prevented radial heat loss from the liquid sample. A rather clever 
automatic device was used to keep the temperatures of the guard cylinders 
constant. Hall’s measurements were all made at temperatures less than 220^0 

and his apparatus was not adaptable for use above this temperature. 

7 

Bidwell devised an apparatus of the Forbes bar type for thermal conduc- 
tivity measurements at temperatures up to T30^C. The sample was held in a 
hollow graphite rod mounted vertically inside an iron guard cylinder, with 
silocel packed in between. After the entire apparatus was raised to suffi- 
ciently high temperature a heater at the top of the liquid sample was 
energized and a gradient established in the liquid metal. The guard ring was 
not heated in such a way that radial heat flow was eliminated, and consequently 
it was necessary to compute the radial heat loss, which could be done if the 
thermal conductivity of the silocel insulation was known. The results of this 
experiment compared quite well with Konno’s for zinc. Bidwell felt very 
strongly that his apparatus would give the most accurate thermal conductivity 

measurements and stated the author ventures the opinion that (his method) 

is so far superior to any hitherto reported that it should become standard.*’ 

This was shown to be a minority opinion by other workers. Later, in 19^0, 

9 

Bidwell published another paper describing measurements in liquid and solid 
lead using the above apparatus modified to include an additional iron cylinder 
which served as a second guard ring and reduced radial heat flow almost to 
zero. In the same paper, Bidwell outlined an ** intercept theory** which allowed 
the thermal conductivity of metals in the liquid state to be estimated. Using 
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a classical argument , he derived the relation 

JL- k- 

pc T ^ 

where K is the thermal conductivity, p the density, c the atomic heat, T the 

temperature and k, k’ are consteints. Bidwell showed that if one plotted 
K 1 1 

— vs, — for a solid metal, the intercept at — = 0 would be the proper value 
of — for the liquid state. He then showed that Konno’s thermal conductivity 
results for tin and his own values for lead and zinc verified the theory. In 
19^7, Powell pointed out some rather glaring inconsistencies in Bidwells 
observations and in a later article^^ suggested that the data used to verify 
the relation may have been selected. Although it appears that Bidwell *s 
intercept theory is not a good one for estimating thermal conductivities of 
liquid metals, it deserves credit as the only one ever proposed on this subject. 
In addition to disposing of Bidwell ’s intercept theory, Powell published in 
19^9^^ a summary of all thermal conductivity data for liquid metals available 
at that time. 

2 

The U.S. Naval Research Laboratory sponsored work in 1952 by Ewing, 

Grand and Miller on the measurement of thermal conductivity of liquid sodium, 
potassium and some of their alloys. This group selected the longitudinal heat 
flow method for its greater accuracy and designed an apparatus which gave 
results with errors less than 2 %. It is this apparatus which was used as a 
model for the equipment built in the present work. Ewing's apparatus was 
later^^ (195^) used for measurements in mercury and two additional sodium- 
potassium alloys, again with good precision. 

The most recent thermal conductivity measurements were made by Pashaev, 
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who studied the changes in thermal conductivity of metals on melting. ’ 

The materials studied were tin, bismuth, gallium and alloys thereof. The 

ll; 

complete description of Pashaev’s apparatus is in another paper which has 
not been translated from Russian, but from his comments it appears that the 
longitudinal heat-flow method is used. Pashaev claims to achieve accuracies 
to within 3% in his measurements. 

III. CONSTRUCTION OF THE APPARATUS 
A. General 

As previously mentioned, the thermal conductivity apparatus used in this 
experiment was patterned after that of Ewing, Grand and Miller. A cross 
sectional view of this equipment is shown in Fig. 1. The sample column or 
specimen bar (l), guard ring (2), melting chamber (3) and top and bottom covers 
(U).are all fabricated from type 30k stainless steel. This material was chosen 
because of its high resistance to corrosion and good machining qualities. This 
entire assembly is sxirrounded by the furnace core (l6), which is insulated with 
about three inches of granular alundum and has outer walls of 1-inch Marinite 
(not shown on the diagram). The entire apparatus weighs about 100 pounds. 

B. Specimen Bar Assembly 

The specimen bar assembly, comprised of four separate sections, is 
1 5/8 inches in diameter and 20 inches long when assembled. The two lower 
parts which are the specimen bar proper, (la & lb) bolt together with eight 
8-32 X ^ alien head cap screws. The joint between sections is gasketed with 
a 1/32-inch Raybestos-Manhattan type A-36 pressed asbestos flat ring gasket. 



* Trade mark - Johns-Manville Co. 
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Fi^. !• Cross sectional view of thermal conductivity apparatus, la-ia. 

Specimen bar; 2. Guard Rin^;; 3 * Meltinf^ chamber; ^a, Ub. Bottom and top ! 

covers; 5* Specimen chamber; 6. Drain tube 7* Drain tube heater; 8. Specimen 
Bar heaters; 9. Cooling; cavity; 10. Meltin/=; chamber lid; 11. Meltinfi; chamber ! 
heater; 12. Thermocouples protection tube (only 1 of shown); 13. Guard rin^^ 
heaters; ih. Guard rin^ cooling grooves; 15. Supplementary guard ring heating 
and cooling; l6. Furnace core; 17. Base plate plug l8. Drain tube cap; i 

Sl-Sll Specimen bar thermocouples ; Gl-Gll Guard ring thermocouples ; Fl-FlO 
Furnace core heater segments. I 
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and sealed with Never-Seez compound. The asbestos gasket and its sealsLnt are 

capable of withstanding temperatures of 600^ C. The wall thickness of the 

specimen chajnber (5) is machined to 1/32 inch which reduces the amount of 

heat not conducted through the sample to a minimum. A 1/8-inch diameter hole 

is drilled from top to bottom of the specimen bar to allow for filling and 

draining of the liquid metal samples. A l/U-inch stainless steel drain tube 

(6) is welded to the lower section and passes out through the bottom of the 

apparatus. It is surrounded by a heater (7) to keep the tube above the melting 

point of the liquid metal sample when draining and filling. The bottom 

surface of the specimen chamber is machined slightly concave, so that the 

liquid metal will drain out completely. Heat is supplied to the specimen bar 

by two specially built electric heaters moimted near the top of the bar (8). 

The donut shaped heaters fit in a space 1 1/2 inches in diameter and 7/8 inch 

high. A disc of pure copper is silver-soldered tightly into the bottom of 

each heater space, providing even distribution of heat over the cross-section 

of the specimen bar. As shown in Fig. 1, one heater is located at the top of 

the upper section (lb) of the specimen bar proper, and the other is 1 1/2 

inches above the first, mounted in a 1 5/8-inch diameter spacer (ic). Heat 

is removed from the specimen bar by the introduction of cooling air to the 

space hollowed out for that purpose near the bottom (9)* The topmost part 

of the specimen bar, called the expansion chamber (id), is hollowed out to 

allow for expansion of the liquid metal as it is heated. The expansion 

chamber fits into the top cover (Ub) and is held in place by six 10-32 x 1/2 

alien head cap screws. This joint is also gasketed with 1/32 inch pressed 

asbestos and sealed with Never-Seez. The melting chamber (3) is fastened 
— ^ ___ _ 
Trade mark - Never-Seez Corp. 
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